Abstract: A surface plasmon resonance sensor is proposed to simultaneously realize the refractive index (RI) and temperature sensing in an exposed-core microstructured optical fiber. Two orthogonal sensing channels coated with silver layers are designed to distinguish the variations of the analyte RI and the temperature. The exposed section of the fiber as an RI sensing channel supports a y -polarized peak. The orthogonally arranged hole is filled with a large thermooptic coefficient liquid as a temperature sensing channel that supports a x -polarized peak. The two polarized peaks can be shifted independently. By following the shifts of the two polarized peaks, the variations of the RI and temperature can be detected simultaneously.
Introduction
Surface plasmon resonance (SPR), which is commonly referred to as excitation of surface plasmons, is a phenomenon which involves an incident light wave coupled to the surface plasmon under specific resonance conditions [1] , [2] . The surface plasmon excited by the light wave propagates along the metal film, and its propagation constant can easily be changed by the variations of the refractive index (RI) of the medium (analyte) in contact with the metal film. This change through the resonance condition alters the characteristics of the light wave coupled to the surface plasmon. By following the characteristics of the altered light, the variations in the RI of the analyte can be detected. Thus, the SPR phenomenon has been extensively studied and developed into a useful technique to probe RI changes in chemical or biological sensing [1] - [3] . As an alternative to bulk configurations, microstructured optical fiber (MOF) based SPR sensors have attracted the most research interest [4] - [9] , not only because the MOFs like traditional optical fibers can efficiently negate the limitations of prism based SPR sensors but because the flexible design of microstructures can provide a new method to achieve phase matching between a core mode and a plasmon mode as well [5] - [9] . To implement MOF-based SPR sensors for analytes detection, the fiber holes are coated with the metal films, and then filled with the analytes [4] - [9] . The variations in the RI of the analytes can be detected by following the characteristics of the transmitted light.
Since the SPR phenomenon is extremely sensitive to the RI of the medium at the metal surface, any physical factor that can cause variations in the RI of the medium will generate significant changes in the SPR spectrum. Among these factors, temperature effects show great potential in changing RI of the medium in the SPR configuration [10] , [11] . With a proper design of SPR geometry, the SPR phenomenon can be utilized for probing the environment temperature. Several schemes based on SPR phenomenon have been presented to exploit it for temperature sensing [10] - [18] . Among these schemes, the liquid filled MOF based SPR temperature sensor can offer miniaturization, a high degree of integration and high sensitivity capabilities [14] - [17] . In such sensor, a large thermo-optic coefficient liquid as a sensing medium is filled into metallized holes of the MOF. Temperature variations will change the RI of the liquid, hence altering the loss spectra of the core mode. By measuring the changing of the loss spectra, the variations of the temperature can be detected.
Whether in RI or temperature sensing, almost all the MOF-based SPR schemes rely on changes in the SPR spectrum caused by the variations in the RI of the medium at the metal surfaces [4] - [18] . Because it is hard to distinguish which way cause the changes, there is less research on the MOF-based SPR schemes for both RI and temperature sensing which is helpful for detections of the analyte RI with considering temperature effects or the thermo-optic coefficient of analytes. In this paper, we propose a SPR sensor based on an exposed-core MOF (EC-MOF) to realize RI and temperature sensing simultaneously. The proposed SPR sensor has two orthogonal sensing channels which can support two independent resonance peaks with orthogonal polarizations (x -and y -polarized peaks). By measuring the shifts of the two polarized peaks, the variations of the RI and temperature can be detected simultaneously. We investigate the sensor sensitivity for the analyte RI range from 1.33 to 1.42 and the temperature range from 26°C to 43°C. Our purpose in this paper is to show an idea for RI and temperature sensing developed by the MOF-based SPR sensors and presents a theoretical basis for the performed experimental studies.
Sensor Design and Principle
As shown in Fig. 1(a) [19] , a commercially available EC-MOF is chosen as a basis for the SPR sensor because the exposed section of the MOF can facilitate the metal coating and provide a real time sensing capability [20] - [23] . For sensor operation, the exposed section is first coated with a silver layer and then deposited an analyte, which is intended to realize the analyte RI sensing. And the orthogonally arranged hole is also coated with a silver layer and then filled with a large thermo-optic coefficient liquid as a sensing medium, which is attempted to achieve the temperature sensing. Such coating and filling processes in one hole of the fiber can exploit the neck-down method used in selective coating of MOF holes [24] . The cross section of the resulting structure is schematically depicted in Fig. 1(b) . Then, the two ends of the MOF are spliced to standard single-mode fibers (SMF) using a commercial fusion splicer [25] , [26] . This design attempts to create a difference on the polarization of the SPR spectrum emerging from the sensor to distinguish the variations of the RI and the temperature, thus a polarizer is needed at the output end of the fiber.
In this work, the electromagnetic modes of the fiber described were calculated by using finite element method (FEM) [4] - [9] , [14] - [18] . As shown in Fig. 1(b) , to simplify the modeling, we fix the diameters of the fiber core and the air holes to 15 m and 6 m, respectively, which will not affect basic performance of the fiber because it is an index-guiding MOF (independent of the photonic bandgap effect), and the thickness of the silver layers is fixed to 40 nm. The fiber is assumed to be fabricated using fused silica ðn ¼ 1:45Þ which has most commonly been used to manufacture MOFs. The RI of the silver is given by the Drude model [27] and the RI of the analyte ðn a Þ in the RI sensing channel (exposed section) is altered from 1.33 to 1.42 to assess the sensitivity of the sensor in large dynamic range [8] , [9] , [21] . For the temperature sensing, the RI of the sensing medium ðn t Þ is changed from 1.41 to 1.42 which can obtain the highest sensitivity [8] , [9] , [14] - [16] . We use the triangular normal mesh to discretize the computation area as shown in Fig. 1(c) .
The top part of Fig. 2 shows the dispersion relations of the core modes and the plasmon modes when the n a is 1.33, and the n t is 1.41. Here, we use the Gaussian-like modes as the core modes [4] - [9] , [14] - [18] , [21] , [23] , [28] , [29] . As shown in the top part of Fig. 2 , because of the orthogonal channels, the core mode exhibits two mainly resonance peaks gauged from the imaginary part of the effective RI curve ½Imðn eff Þ which is proportional to the mode loss, with one peak (y -polarized) supported by the RI sensing channel and the other (x -polarized) supported by the temperature sensing channel. Take the x -polarized peak for example, it is located at 838 nm [dot (c)], where the real part of the effective RI of the core mode ½Reðn eff Þ and that of the plasmon mode ½Reðn p eff Þ are equal [6] - [9] , [14] , [21] , [28] , [29] . A significant increase in the core mode loss is observed at this wavelength due to the energy transfer into the lossy plasmon mode. The electric field distributions of the modes in the bottom part of Fig. 2 clearly show the energy transfer between the core modes and the plasmon modes. At non-resonance wavelengths, the two modes [see Fig. 2(a) and (b) ] are confined to their own position, and show distinctive patterns, respectively. At the resonance wavelength (phase matching point), they merge and interact strongly [see Fig. 2(c) ], which imply that a large portion of energy transfers to the plasmon modes from the core modes. And thus, an obvious peak in the core mode loss spectrum is observed. Note that a secondary peak at a shorter wavelength is also observed in the x -polarized core mode loss spectrum. This phenomenon is attributed to fact that the coated silver layer in the fiber is not planar. This make the y -polarized plasmon mode on the silver layer surface has a x component [see Fig. 2(e) ] which also can coupling to the x -polarized core mode at resonance wavelength, and thus leading to the secondary peak at a shorter wavelength in the x -polarized core mode loss spectrum. This is also why the secondary peak in the x -polarized core mode loss spectrum has a similar location with y -polarized peak, and the same thing happens in the y -polarized core mode loss spectrum.
Results and Discussion
When the n a varies, the phase matching points change accordingly, thus leading to different loss spectra of y -polarized core modes. The n a variation can be identified by measuring the y -polarized resonance peak shift [4] - [9] , [21] , [23] , [28] , [29] . Similarly, the temperature variation can cause the n t changing, and resulting in different loss spectra of x -polarized core modes. It also can be detected by following the x -polarized resonance peak shift [14] - [18] . The different spectra of the two polarized core modes are shown in Fig. 3 when the n a and n t change from 1.33 to 1.34 and from 1.41 to 1.42, respectively. As shown in Fig. 3 , the two polarized peaks can be shifted independently without disturbing each other. The y -polarized peak shifts to longer wavelength only when the n a change from 1.33 to 1.34 as seen from Fig. 3(a)-(d) , and the x -polarized peak is only changed by the n t changing, as shown in Fig. 3(a)-(d) . Thus, by Fig. 3 . Loss spectra of the two polarized core modes when (a) n a at 1.33 and n t at 1.41, (b) n a at 1.34 and n t at 1.41, (c) n a at 1.34 and n t at 1.42, and (d) n a at 1.33 and n t at 1.42. following the shifts of the x -polarized and the y -polarized peaks, the variations of the n a and the n t can be detected simultaneously.
RI Sensitivity
As mentioned above, the y -polarized resonance peak is only shifted by the n a variations. Thus as the RI sensing, the n a variations can be detected by measuring the shift of the y -polarized peak Á peak . The sensitivity in term of refractive index units (RIU) is defined as [4] 
As shown in Fig. 3(a) and (c), the Á peak is 19 nm for the n a changing from 1.33 to 1.34 ðÁn a ¼ 0:01Þ, and the corresponding RI sensitivity is 1900 nm/RIU which is comparable to the sensitivities of the other reported MOF SPR sensors [4] - [6] , [9] , [21] , [23] , [28] .
The peak wavelength, the peak loss and the sensitivity of the sensor with the n a from 1.33 to 1.42 are summarized in Table 1 for comparison. The peak loss and the sensitivity increase as n a increasing which is consistent with those of the other SPR sensors based on MOFs [8] , [9] , [14] - [16] , [21] . This can be explained by the increasing coupling efficiencies between the core mode and the plasmon mode. Theoretically, the phase matching condition requires equating the n eff of the core mode and the plasmon mode at a given wavelength of operation [6] - [9] , [14] , [21] , [28] , [29] . Basically, in the case of a single mode waveguide, the n eff of the core mode is close to that of the core material (in this sensor is 1.45), and the n eff of the plasmon mode is close to that of the material at the metal surface (in this sensor is the n a ) [6] - [9] , [14] , [21] , [28] , [29] . Thus, the n a being close to the RI of fiber material will lower the n eff difference between the core modes and the plasmon modes, hence increasing coupling efficiencies between the two modes, and resulting in higher peak losses and higher sensitivities [8] , [9] , [14] - [16] , [21] , [29] . However, when the n a is very close to the RI of the fiber materials (typically above 1.42), higher order plasmon modes can also be excited [8] , [9] , [14] - [16] , which may introduce noise and make the detection of the n a more difficult. 1 Summary of peak wavelengths, peak losses, and sensitivities of the sensor with the n a from 1.33 to 1.42
Temperature Sensitivity
To realize temperature sensing, a high-value thermo-optic coefficient ðdn=dT Þ sensing medium with an appropriate value RI ðn t Þ is filled into the metallized hole [14] - [17] . Temperature variations will induce changes of the n t of the sensing medium, thus leading to different x -polarized loss spectra that will be recorded. Here, the n t changing from 1.41 to 1.42 is because it can achieve highest sensitivity [8] , [9] , [14] - [16] , [21] . Generally the MOF based SPR sensors show high sensitivity at high RI due to the increasing coupling efficiencies as explained above. However, to avoid the noise caused by the higher order plasmon modes, the n t (the RI of the sensing medium) should not exceed 1.42 [8] , [9] , [14] - [16] . For this reason, we assume that the metallized hole is filled with a liquid mixture of ethanol and chloroform. The ethanol is introduced to lower the RI of the liquid mixture, because the chloroform has a large RI (1.44). The RI of the liquid is evaluated by [14] - [16] 
Here, n 0 is the RI of the liquid at the reference temperature T 0 . We neglect the material dispersion of the liquid and assume n 0 are 1.36 for ethanol and 1.44 for chloroform at 20°C [30] , [31] . The thermo-optical coefficients ðdn=dT Þ amount to À3:94 Â 10 À4 =K for ethanol and À6:328 Â 10 À4 =K for chloroform, respectively [30] , [31] . And they are assumed independent with the incident wavelength and temperature. In contrast to the value of the liquids, the thermo-optical coefficient of the silica and the silver are much lower and are therefore not taken into consideration. The Lorentz-Lorenz equation is used for the RI of the liquid mixture [32] 
Here, n t , n 1 , and n 2 are the RI of the solution and the constituents, respectively. 1 and 2 are the volume fractions of the constituents and 2 can be replaced by 1 À 1 . The volume ratio ethanol and chloroform is assumed to 2:8, and the corresponding temperature is 26°C ðn t ¼ 1:42Þ and 43°C ðn t ¼ 1:41Þ. In this case, the temperature sensitivity is defined as [14] - [16] 
According to Fig. 3 , the Á peak is 105 nm for the n t changing from 1.41 to 1.42 ðÁT ¼ 17 CÞ, and the corresponding temperature sensitivity is 6.18 nm/K, which is similar with the sensitivity of the other MOF based SPR temperature sensors [14] - [17] and much higher than that of liquidsealed photonic crystal fiber (∼166 pm/K) [25] , fiber Bragg grating (∼20 pm/K) [33] , localized SPR (∼118 pm/K) [12] , and photonic crystal surface plasmon waveguide (∼70 pm/K) [13] based optic temperature sensors.
Conclusion
We propose a SPR sensor based on the EC-MOF to simultaneously realize the RI and temperature detections. The exposed section as a RI sensor mainly supports a y -polarized peak which only can be changed by the variations of the analyte RI. The orthogonally arranged hole filled with a large thermo-optic coefficient liquid as a temperature sensor mainly supports a x -polarized peak which can be changed by the variations of the temperature. The two polarized peaks do not interfere with each other. By measuring the changing of the two polarized peaks, the variations of the RI and temperature can be detected simultaneously. In order to obtain the two polarized peaks to distinguish the RI and temperature sensing, the light emerging from the sensor could be passed through a polarizer to split into a vertical component (y -polarized) and a horizontal component (x -polarized). Note that the y -polarized peak is located at shorter wavelength when the n a is lower (see Fig. 3 and Table 1 ). Therefore, for the low n a ðn a G n t Þ, the RI and temperature sensing can be directly distinguished by observing the wavelength range of the peaks in the core mode loss spectrum without the polarizer. However, as n a increasing, the y -polarized peak will shift to longer wavelength, as shown in Table 1 . For the high n a (the n a being close to the n t ), the two polarized peaks will have similar location which will be hard to distinguish without considering the polarized characteristics of the peaks. The basic ideal of this design is to build two orthogonal channels which can support two independent resonance peaks with orthogonal polarizations; thus, any MOF with orthogonal holes (channels) can be theoretically used to fabricate the proposed SPR sensor.
